The cyclic AMP-responsive element-binding protein (CREB) is an important transcription factor that can be activated by hormonal stimulation and regulates neuronal function and development. An unbiased, global analysis of where CREB binds has not been performed. We have mapped for the first time the binding distribution of CREB along an entire human chromosome. Chromatin immunoprecipitation of CREB-associated DNA and subsequent hybridization of the associated DNA to a genomic DNA microarray containing all of the nonrepetitive DNA of human chromosome 22 revealed 215 binding sites corresponding to 192 different loci and 100 annotated potential gene targets. We found binding near or within many genes involved in signal transduction and neuronal function. We also found that only a small fraction of CREB binding sites lay near well-defined 5 ends of genes; the majority of sites were found elsewhere, including introns and unannotated regions. Several of the latter lay near novel unannotated transcriptionally active regions. Few CREB targets were found near full-length cyclic AMP response element sites; the majority contained shorter versions or close matches to this sequence. Several of the CREB targets were altered in their expression by treatment with forskolin; interestingly, both induced and repressed genes were found. Our results provide novel molecular insights into how CREB mediates its functions in humans.
The cyclic AMP (cAMP)-responsive element-binding protein (CREB) is a key transcription factor that stimulates the expression of numerous genes in response to growth factors, hormones, neurotransmitters, ion fluxes, and stress signals. The CREB signaling pathway is activated by extracellular ligands that bind to cell surface receptors. Various intracellular second messengers then relay signals through kinase pathways to the nuclear resident CREB. Upon induction of the pathway, CREB is phosphorylated and activated at Ser-133. At least four types of kinases have been proposed to phosphorylate this residue: cAMP-dependent protein kinase, multiple mitogenactivated protein kinases (MAPKs), ribosome S6 kinase, Ca 2ϩ -and calmodulin-dependent kinases (CAMKs), and possibly Akt (reviewed in reference 22). Phosphorylation of CREB at Ser-133 leads to the recruitment of CREB binding protein (CBP) or its paralog p300 and subsequent transcriptional activation. A number of CREB targets have been identified, mostly through studies of individual genes (17, 26, 32) . However, a full range of targets has not been explored. Given CREB's role in many important cellular processes, it is important to identify as many potential targets as possible.
CREB functions either by itself or with the related family members CREM and ATF1; CREB, CREM, and ATF1 homoand heterodimerize through basic leucine zipper (bZIP) domains (27, 40) . A number of studies indicate that CREB is constitutively bound to chromatin even in the absence of agonists. CREB usually binds to cAMP response elements (CREs) near TATA boxes (26) . However, not all DNA binding regions match the conserved motif. Moreover, binding may occur within the first introns of genes with multiple promoter systems or in the introns of alternatively spliced genes, such as the phosphodiesterase PDE4 (7, 39), brain-derived neurotrophic growth factor (33, 36, 38) , cytochrome P450 aromatase (reference 43 and references therein), and the inducible cAMP early repressor transcription factor (reviewed in reference 32). To date, a systematic and unbiased analysis of where CREB binds relative to its target genes has not been performed.
In this study we mapped the distribution of CREB1 binding regions over an entire human chromosome with an unbiased in vivo approach. CREB1 binding regions were identified by performing chromatin immunoprecipitations and using the immunoprecipitated DNA to probe a genomic DNA microarray that contained all nonrepetitive chromosome 22 sequences. We recently described an array containing most of the unique sequences of human chromosome 22 (31) . This reagent provides a unique opportunity to examine the binding of CREB1 along an entire chromosome. Specifically, we sought to determine what types of genes CREB1 binds near, the locations of its binding sites within a gene locus, and its binding position relative to consensus CRE sites.
With our approach, we found that CREB1 has many binding sites on the chromosome and binds near many previously unappreciated targets. Moreover, CREB1 binding sites were situated not only at 5Ј ends but also in internal introns and unannotated regions outside of known genes. Thus, our study provides substantial information about the diversity of putative CREB1 targets as well as the locations of potential regulatory elements within genes.
MATERIALS AND METHODS
Cell culture, nuclear extracts and immunoprecipitations. JEG-3 cells (American Type Culture Collection number HTB-36) were grown in alpha minimal essential medium (␣MEM) (Invitrogen) supplemented with 10% fetal calf serum. To test the anti-CREB1 antibodies in immunoprecipitations, JEG-3 cells were washed in Dulbecco's phosphate-buffered saline and harvested in hypotonic lysis buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 3 mM MgCl 2 , 0.5% NP-40). All buffers contained 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail for mammalian cells (Sigma), and lysates were maintained at 4°C. Nuclear pellets were lysed in 1ϫ radioimmunoprecipitation assay (RIPA) buffer (Upstate Biotechnology) and sheared three times with a 21-gauge needle. Lysates were clarified for 15 min at 15,000 ϫ g and then cleared with protein A-protein G-Sepharose (Pierce) for 45 min. Lysates were incubated with anti-CREB NT antibody (Upstate Biotechnology, 06-863) for 3 h and then with protein A-protein G-Sepharose for 1 h. Immunocomplexes were recovered and analyzed by Western blotting with the same anti-CREB NT antibody (1:1,000 dilution), followed by a horseradish peroxidase-conjugated secondary antibody (1:2,500 dilution). Blots were visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech).
Chromatin immunoprecipitations. Cells were cultured in 15-cm plates to approximately 80 to 90% confluence, and 14 to 15 plates were used per immunoprecipitation, with equivalent plate numbers used for the anti-CREB1 immunoprecipitation and the control immunoprecipitation without antiserum. For forskolin induction, cells were treated with 10 M forskolin (Sigma) dissolved in dimethyl sulfoxide for 45 min. Cells were fixed with 1% formaldehyde in ␣MEM medium lacking fetal bovine serum for 10 min and then collected (13) . Nuclei were pelleted in hypotonic lysis buffer and lysed in 1ϫ RIPA as described above for immunoprecipitations. Sonication conditions were tested to yield DNA fragments averaging 600 bp as assessed by agarose gel electrophoresis. Lysates were clarified and cleared as described above for the immunoprecipitations. For each CREB1 immunoprecipitation, 20 g of the CREB NT antibody was added to lysate prepared from the 15 15-cm plates of JEG-3 cells. After incubation with antibody for 3 to 4 h at 4°C, 300 l of a 50% protein A-G slurry was added for an additional 1 h of incubation. The beads were washed four times: twice in 1ϫ RIPA buffer, once in LiCl detergent wash (250 mM LiCl, 0.25% deoxycholic acid, 0.5% NP-40, 1 mM EDTA, 10 mM Tris, pH 8.0) and once in 1ϫ TBS (150 mM NaCl, 20 mM Tris, pH 7.6). CREB1-DNA complexes were eluted and purified as described previously (13) .
Expression analysis. Polyadenylated RNA was isolated from JEG-3 cells treated with either 10 M forskolin (dissolved in dimethyl sulfoxide) or cells treated with dimethyl sulfoxide alone after a 1.5-h induction, with the MicroPoly(A) pure and DNA-free kits (Ambion). Labeled cDNA was synthesized from 4 g of polyadenylated RNA for each sample according to the Amino Allyl cDNA labeling kit (Ambion). Reverse transcription reactions were primed with both oligo(dT) and random decamers.
Chromatin immunoprecipitation probe labeling and microarray hybridization. Chromatin-immunoprecipitated DNA and corresponding control samples lacking antiserum were labeled by incorporating amino-allyl dUTP with the Bioprime labeling system (Life Technologies) as described elsewhere (42) . Labeled probes were purified from unconjugated dye by passage through Sepharose spin columns from Ambion's Amino Allyl cDNA labeling kit, concentrated by ethanol precipitation, and finally resuspended in hybridization buffer (5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 25% formamide, 0.05% sodium dodecyl sulfate [SDS]).
Chromosome 22 microarray slides (31) were prehybridized in 5ϫ SSC-25% formamide-10ϫ Denhardt's solution-0.1% bovine serum albumin in HybChambers (GeneMachines, San Carlos, Calif.) at 42°C for 1 h. The slides were dipped in water to remove the prehybridization buffer and coverslips and then dried by centrifugation. The probe was applied to a coverslip and placed on a microarray. Microarrays were hybridized at 42°C for 14 to 15 h and then washed twice in 2ϫ SSC-0.05% SDS for 2 min, once in 0.1ϫ SSC-0.05% SDS for 5 min, and four times in 0.1ϫ SSC for 1 min.
Microarray signals were normalized with the ExpressYourself analysis program (http://bioinfo.mbb.yale.edu/ExpressYourself), with default parameters to correct for spatial, intensity-based, and dye-specific artifacts (23) . Positively hybridizing fragments were identified as those with logged indodicarbocyanine (Cy5)/indocarbocyanine (Cy3) ratios more than 2.0 standard deviations above the mean for fragments with similar total intensities (30) . Raw data are available at http://array.mbb.yale.edu/chr22. PCR analysis. CREB1-precipitated DNA was analyzed by real-time PCR with SYBR Green. For putative CREB1 targets and negative control regions on chromosome 22, primers were designed to tile across microarray fragments in 300-bp increments. Targets were initially chosen from an initial "top 500" list; ultimately, 40 of these lay below the cutoff that was used. For the human chorionic gonadotrophin alpha (hCG␣) promoter, the primers spanned a 300-bp region around the tandem CREs (6, 15, 16) . Only primer pairs that yielded quality PCR products with total lysate and that also did not form primer dimers, as assessed by dissociation curves in no-template control reactions, were used in assays with CREB1-precipitated DNA. Each PCR was repeated in triplicate in a 20-l reaction volume with 1% of the total immunoprecipitated DNA and 1ϫ SYBR Green DyNAmo master mix (Finnzymes). Fluorescence was detected each cycle with the ABI Prism 7000 sequence detection system (Applied Biosystems), and enrichment was determined according to C t (changes in fluorescence per cycle number) measurements.
RESULTS

CREB1 chromatin immunoprecipitations.
To map and analyze CREB1 binding sites on chromosome 22, we selected a cAMP-inducible cell line so that CREB1 binding regions could be correlated with differential expression. Human JEG-3 choriocarcinoma (placental) cells can be activated in culture by incubation with forskolin. This treatment stimulates adenylate cyclase, which in turn activates CREB and induces the expression of a number of genes. One such gene is the alpha chain of the hormone chorionic gonadotrophin (hCG␣), which is subject to CREB control via two CREs in its promoter (6, 15, 16) . This gene served as a control for many of our experiments.
We first tested several commercially available antibodies to determine if any could specifically immunoprecipitate CREB1. One polyclonal antibody (CREB NT), raised to a synthetic peptide corresponding to residues 5 to 21 of human CREB1 (the non-DNA binding region), was found that specifically immunoprecipitated a single band at 43 kDa from nuclear extracts of untreated JEG-3 cells (Fig. 1A) ; this band was not observed in control experiments lacking antibody. Since the antibody was raised against a sequence that is unique to CREB1 expressed from chromosome 2 and not found in other members of the CREB transcription factor family, including CREM and the ATFs, only CREB1 is expected to be recognized.
We next tested whether the antibodies could be used for chromatin immunoprecipitation with JEG-3 cells. Since CREB1 is known to be constitutively bound to its targets, these experiments were performed with untreated cells. JEG-3 cells were formaldehyde cross-linked to preserve protein-DNA complexes, and nuclear extracts were prepared. The chromatin was sheared by sonication, yielding DNA fragments Ϸ600 bp in length, and the CREB1-DNA complexes were immunoselected with the anti-CREB1 antibody. After reversal of the cross-links and DNA purification, each CREB1 chromatin immunoprecipitate was tested for specific binding site enrichment with PCR. As shown in Fig. 1B , a region surrounding the tandem CREs of the hCG␣ promoter was specifically enriched relative to the control lacking antibodies, and a chromosome 22 region that is not known to be involved in CREB binding was not enriched. Thus, the CREB NT antibody specifically immunoprecipitated its associated DNA in JEG-3 cells.
Many CREB1 binding regions lie on chromosome 22. To determine the in vivo CREB1 binding regions on chromosome 22, a total of six independent chromatin immunoprecipitations VOL. 24, 2004 CREB1 BINDING ON HUMAN CHROMOSOME 22 3805 were carried out in JEG-3 cells: three independent replicates of purified CREB1-associated DNA from uninduced cells, and three independent replicates of immunoprecipitated CREB1-associated DNA from forskolin-induced cells. Each immunoprecipitation preparation was performed in parallel with a control experiment lacking antibody. All six DNA isolations were independently labeled with Cy5 (anti-CREB1 samples) or Cy3 (no antiserum reference) and hybridized to the chromosome 22 array, which contains 21,024 PCR products spanning nearly all of the unique sequences of this chromosome (31) . Microarray results were normalized with the ExpressYourself software by standard approaches (see Materials and Methods). No significant differences were observed in the results from forskolin-treated and untreated cells (see below); therefore, the results from all six experiments were pooled. Candidate CREB1 binding targets were identified as those enriched in at least four of the six replicates; most targets were found in five or more replicates (23, 30) . With this approach, we identified 215 hybridizing fragments as CREB1 binding targets ( Fig. 2 ; also see Table 1 in our supplementary data at http://array.mbb.yale.edu/euskirchen). The CREB1 binding sites were distributed all along the chromosome. Since CREB1 cross-linked DNA had been sonicated to yield fragments Ϸ600 bp in length and the average size of the array fragment was Ϸ800 bp (range, 300 to 1,400 bp), it was expected that adjacent genomic fragments should hybridize on the array. This indeed was the case for 23 fragments, indicating that 192 chromosome 22 loci contain CREB1 binding sites. For the remaining fragments, it is likely that the binding site was centered in the array fragment or that the target bordered repetitive sequence that was not included on the array.
To determine the frequency of false-positives and false-negatives for the CREB1 binding sites, we performed real-time quantitative PCR assays on chromatin immunoprecipitates for a total of 71 fragments. Three examples are shown in Fig. 3 (and all data are summarized in the Table 2 of the supplementary data at the website cited above). Thirty-one CREB1-associated fragments, including three fragments immediately adjacent to the cutoff, were analyzed. In addition, 40 selected fragments that were below the final cutoff but that were initially near the cutoff were examined (see Materials and Methods). Twenty-eight of 31 fragments (89%) above the cutoff were enriched, including the three fragments just above the cutoff. Four of the 40 fragments (10%) that were below the cutoff were also found to be enriched by PCR. However, since all of these fragments were selected from near but below the cutoff, 10% is likely an overestimate of false negatives. Therefore, we conclude that most of the 215 identified CREB1 binding regions are bona fide sites in vivo.
To determine if CREB1 binding to the fragments varies with the presence and absence of forskolin, eight of the fragments were also analyzed for their enrichment in immunoprecipitates from forskolin-treated and untreated cells. In each case, similar enrichment was observed, indicating that CREB1 was bound in both cell populations (examples shown in Fig. 3 ), consistent with previous studies which demonstrated that CREB is bound to its targets constitutively.
CREB binds near many annotated genes as well as uncharacterized expressed regions. The 215 CREB1 binding fragments were compared with chromosome 22 features, including genes and pseudogenes. Human chromosome 22 contains 546 known, predicted, or partial protein coding genes (open reading frames of Ͼ300 bp), 234 pseudogenes, 31 non-proteincoding fragments, and 125 immunoglobulin lambda gene fragments, for a total of 936 loci (3, 12) . The types of genes identified as putative CREB1 targets span a number of functional categories, including transcription factors and signaling components, as presented in Table 1 and discussed in more detail below. Further chromosome 22 annotation uncovered 1,302 transcriptionally active regions (TARs) that were not present in other annotations (31) . Of the 215 CREB1 binding sites, 60% (130 fragments) mapped within or less than 10 kb upstream of one of the 936 annotated loci (Fig. 4) . Of the remaining 85 fragments that were Ͼ10 kb from annotated loci, 62 CREB1 binding fragments either encoded or were less than 10 kb from a TAR (Fig. 4) . Thus, 89% (130 plus 62) of the 215 CREB1 binding sites either overlapped or were less than 10 kb from a known transcribed region of human chromosome 22.
We next examined the positions of the CREB1 binding fragments relative to annotated exons and introns. As summarized from the multiple categories shown in VOL. 24, 2004 CREB1 BINDING ON HUMAN CHROMOSOME 22 3807 the gene, and 15% (33 fragments) and 24% (52 fragments) of the CREB1 binding regions lay within a first intron or other intron, respectively. Six CREB1 binding fragments intersected an annotated first exon without any adjacent 5Ј untranslated region or intron sequence mapping to the fragment. Three of these six fragments were in genes for which limited transcript data are available: two are expressed sequence tag (EST) clusters, and one is based on a gene prediction. The remaining three fragments landed in pseudogenes and likely reflect either archaic usage of CREB1 or binding of CREB1 to a homologous, functional copy of the parent gene. Curiously, two CREB1 binding fragments included internal exons and excluded noncoding sequence, exon 2 of MGAT3/GNT-III and exon 3 of MIF (encoding macrophage inhibition factor). Consensus sites. The 215 genomic hits were searched for CREs as well as TATA boxes and other transcription-regulatory sequences that may contribute to CREB binding. Searches for the strict canonical CREB binding site TGACGTCA revealed that six of the CREB targets had this exact motif. CREB has also been suggested to bind to the "half-site" sequence CGTCA (26) ; 65 of the fragments had this motif. Finally, nearly all of the fragments (83%) included or were within 500 bp of the strict canonical CREB binding site, a CREB half-site sequence, or two other consensus CREB binding sites, TGACGTMW and TGANNTCA, where M is A or C, W is A or T, and N is any base (17). We did not observe an enrichment, presumably because such half-site sequences are prevalent throughout the array (approximately one every 1,000 bp). Identification of forskolin-regulated genes. In order to determine potential CREB1 targets whose expression might be regulated by cAMP, we also identified genes whose expression was altered by treatment with forskolin. As noted above, forskolin activates adenylate cyclase and thereby is expected to affect CREB signaling. Polyadenylated RNA was harvested from JEG-3 cells treated with forskolin for 1.5 h and from untreated cells; 1.5 h was chosen because it was reported previously that synthesis of the inducible CRE repressor-inducible cAMP early repressor occurs between 1.5 and 2 h in JEG-3 cells and inactivation of CREB by dephosphorylation of Ser-133 takes place within 2 to 4 h of continuous stimulation (24, 26) . Therefore, the most direct and peak effects of forskolin induction are expected at 1.5 h. Cy5-and Cy3-labeled probes were prepared to two independent polyadenylated RNA isolations. A Cy5-labeled probe to RNA from the forskolintreated cells was mixed with a Cy3 probe to RNA from the untreated cells and hybridized to the chromosome 22 array; the dye labels were also reversed, so that Cy3 probes from the forskolin-treated cells and Cy5 probes from the untreated cells were hybridized to the arrays. A total of four replica hybridizations to the chromosome 22 array were performed.
A total of 99 genes on chromosome 22 (listed in Table 3 of the supplementary data at the website given above) had significantly altered expression levels after forskolin treatment (see Materials and Methods): 51 were upregulated and 48 were downregulated, and 16 of the 99 loci were pseudogenes (2 upregulated and 14 downregulated pseudogenes), including three downregulated pseudogenes that were related to ␥-glutamyltransferase. We presume that either the pseudogenes are expressed or they cross-hybridize to transcripts of functional copies.
CREB1 binding sites were found 5Ј or internal to eight of the upregulated genes and seven of the downregulated genes ( Table 2) . Examples of upregulated genes with CREB1 binding sites are the calcineurin binding protein Cabin 1, adenylosuccinate lyase (ADSL), ceramide kinase, and choline kinaselike. Examples of downregulated genes with CREB1 binding sites include protein phosphatase 1F (PPM1F), a potassium channel-related gene, a gene for a calcium channel subunit (CACNA1I), and a phosphatidylinositol-4-kinase 230-related gene.
CREB1 also bound near 85 genes whose expression was not affected by treatment with forskolin. Many of these were expressed at high levels in both the presence and absence of forskolin; these genes may already be activated by other factors, and CREB activation many not enhance their expression further.
Eighty-four genes exhibited alteration in mRNA levels after forskolin treatment but did not contain CREB1 binding sequences. Since CREB1 is not unique among transcription factors in activation by forskolin, genes lacking CREB1 sites presumably either are regulated by other factors or lie downstream and are indirect targets of CREB signaling.
Functional categories of potential CREB1 targets. A number of interesting types of genes were discovered as potential CREB1 targets (Table 1) . These include transcription factors (e.g., PPAR␣ and MKL1) and genes that function in neurons (e.g., PACSIN2 and SYN3).
Of particular interest were a variety of genes involved in signal transduction, many of which encode proteins that are likely to modulate CREB signaling pathways, and a number of 
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CREB1 BINDING ON HUMAN CHROMOSOME 22 3809 these putative targets are regulated by forskolin treatment (Tables 1 and 2; also see Discussion). These included two potential regulators of cAMP signaling, ADRBK2 (encoding a ␤-adrenergic receptor kinase) and ADSL (encoding adenylosuccinate lyase, which catalyzes two key steps in AMP synthesis); three genes involved in Ca 2ϩ signaling, Cabin1 (a calcineurin binding protein that we speculate modulates CREB activity) (1, 11, 18, 21) , PPMF1 (encoding a protein phosphatase that dephosphorylates the calcium/calmodulin-dependent protein kinase II (CaMKII) in vitro (37) , and CACNA1I (encoding a subunit of a low-voltageactivated T-type calcium channel), and genes important for lipid signaling, the cytoskeleton, and vesicular trafficking. CREB1 binding regions were found in the genes for a catalytic subunit of phosphatidylinositol 4-kinase (PIK4CA) and Em: AP000557.C22.3 (a gene related to phosphatidylinositol 4-kinase 230). The phosphatidylinositol 4-kinases convert phosphatidylinositol into phosphatidylinositol-4-phosphate, an important intermediate for the activation of protein kinase C, cytoskeletal reorganization, and secretion. CREB1 binding regions were also found in genes for PACSIN2 (protein kinase C and casein kinase substrate in neurons 2), ARHGAP8 (rho GTPase-activating protein 8), Em:AP000347.C22.3 (calponin-like actin binding), ␤-parvin (␣-actinin related), and CLTCL1 (clatherin heavy polypeptide-like 1). Finally, there were Ras/MAPK1 pathway genes, including MAPK1 itself (also known as ERK2), and two incompletely characterized genes, dJ930L11.1 and Em:AP000347.C22.3 (encoding proteins homologous to KIAA0397 and RALGDS, respectively). Each of these proteins potentially modulates the CREB pathway in vivo, as presented in the Discussion.
CREB1 regulatory regions occur in gene-dense areas of chromosome 22. Many CREB1 binding regions were found in areas of overlapping genes. Of the 130 fragments that either lay within genes or within Ͻ10 kb of an annotated gene, 25 fragments overlapped or lay near two or more genes: 16 fragments included genes on opposite strands, and nine fragments were present in or near two genes on the same strand.
The positions of CREB1 binding regions relative to overlapping or adjacent genes may contribute to their coexpression. One example shown in Fig. 2 has six binding sites that lie in or near three genes, PPM1F, MAPK1, and TOP3b. All three genes are expressed in many tissues and at high levels. One CREB1 binding region lay on a fragment that overlapped the last intron and exon of TOP3b and was 4.3 kb upstream from the ATG of PPM1F. A second region was found 7.8 kb upstream of MAPK1. MAPK1 had three CREB1 binding regions: one region that was 49.3 kb internal and in the first intron, a second region that was 67.9 kb internal, and a third region mapping 92.2 kb internal. Interestingly, PPM1F was downregulated in response to forskolin, whereas MAPK1 and TOP3B exhibited no change in expression; both are constitutively expressed.
A similarly complex regulatory situation was found with PIK4CA, SNAP29, and SERPIND1, in which the genes lie on opposite strands (Fig. 2) . PIK4CA is a large gene on the minus strand with 54 exons over 130 kb. All 13.6 kb of SERPINDI overlap PIK4CA. SNAP29 is also on the plus strand and is divergently transcribed from PIK4CA, with only 0.4 kb separating the ATG of SNAP29 and the ATG of PIK4CA. Thirteen CREB1 binding regions were found in PIK4CA, of which two were in the 5Ј region of SERPINDI and four were in the 5Ј region of SNAP29. Expression levels of PIK4CA, SERPINDI, and SNAP29 were not affected in forskolin-treated JEG-3 cells.
DISCUSSION
CREB1 binding regions lie throughout the human genome.
In this study we used an unbiased genomic DNA array containing all of the nonrepetitive sequences of human chromosome 22 to identify the distribution of CREB1 throughout an entire chromosome. We found 215 binding sites corresponding to 192 different loci and 100 annotated potential gene targets; most sites lay near known annotated genes and uncharacterized transcriptionally active regions (TARs).
Previously, most CREB targets were identified by studying genes one at a time. In many cases the targets were not conclusively verified. While we were preparing this work for publication, a study was published that identified CREB binding sites by searching for evolutionarily conserved sequences in the promoter regions of mouse and human DNA for matches to the most stringent CREB consensus sequence. From the entire genome, they identified 78 potential binding sites and verified approximately 10 (4).
Our study used an unbiased approach to comprehensively survey an entire chromosome and identified 215 targets. Assuming a similar distribution for the rest of the human genome, this extrapolates to an estimate of 19,000 binding sites throughout all nonrepetitive regions of the genome. This figure is on the same order of magnitude as an estimated 40,000 to 50,000 molecules of CREB per cell in PC12 cells (10) , and it highlights several findings. First, a genomic DNA microarray is capable of experimentally finding many regions associated with a factor of interest and does not rely on either knowledge of consensus sites or positional information. Second, we can find sites that contain close matches to consensus sequences as well as those that are more divergent. For CREB and other human factors that we have studied (25) , most binding sites are not perfect matches to the consensus. Third, we find binding sites that lie throughout a gene; indeed, the majority of binding sites do not lie close to the 5Ј end. Genomic DNA microarrays may also provide insights into chromosomal looping, as linearly separated chromatin regions actually be adjacent in three-dimensional nuclei. Thus, a genomic DNA array is ideally suited for the comprehensive identification of all transcription factor targets. Many CREB1 binding regions lie in complex regions in which transcription units lie near one another or even overlap. For example, we found 25 binding sites that lay near two or more annotated genes. The binding of CREB near multiple genes provides the opportunity for a single regulatory region to control the expression of multiple genes.
Many of the CREB1 binding sites lie near TARs, and two of the TARs were altered in response to forskolin treatment. The functional significance of the TARs remains to be established, but they have been speculated to have regulatory roles (31) . Thus, control of TARs by CREB could have important regulatory consequences.
We recently completed a study analyzing the binding distribution of NF-B along human chromosome 22 (25) . Interestingly, 13 fragments for NF-B are identical to a CREB1 binding region and another six NF-B binding regions lay within 500 bp of a CREB1 region. Thus, these factors may jointly regulate the expression of several genes, consistent with the observation that cAMP levels can alter NF-B transcriptional activity (5) . Nonetheless, the majority of CREB1 and NF-B gene targets are distinct, suggesting that they largely function independently.
CREB1 binds near genes that are upregulated, downregulated, and not affected by forskolin treatment. CREB1 was found to bind near genes that were regulated by forskolin treatment as well as those that were not. Of the 100 genes that contained CREB1 sites near or within them, only 15% exhibited altered expression upon forskolin treatment. There are at least two explanations for why CREB target genes are not affected in their expression. First, they may already be expressed in the absence of forskolin, and forskolin induction may do little to enhance their expression further. This is likely in the case of many genes, such as MAPK1, which are expressed in most cell types. Second, expression may not be affected because additional factors may be required to work with CREB to activate gene expression. Combinatorial gene regulation with multiple factors is typical for most eukaryotic genes. This is a likely explanation for the neuronal genes that we found, since these are not expected to be expressed in placental cells. Nonetheless, it is possible to identify many such targets for a factor that is constitutively bound, such as CREB with a single cell type. Different targets in this set may be regulated by CREB in other cell types or tissues.
Although CREB1 is typically described as a transcriptional activator, we observed that a number of CREB1 binding regions were found in genes that are downregulated in response to forskolin. Several studies indicate that CREB might serve as a repressor. Binding of the CREB/CREM complex at the interleukin-2 promoter represses interleukin-2 production in anergic T cells (29) . CREB has also been reported as a transcriptional repressor in the promoter for the vascular endothelial growth factor receptor (14) .
There are several explanations for how CREB might repress transcription. First, CREB1 repression may occur through heterodimerization or interaction with another transcription factor. The transcription factor YY1 is thought to obstruct contact between DNA-bound CREB and transcription machinery (8) . Second, repression might also be due to an inhibitory CREB1 covalent modification. CaMKII phosphorylates CREB at Ser-133 and also at a second site, Ser-142. In vitro, this second-site phosphorylation at Ser-142 blocks the activation of CREB that would otherwise result when Ser-133 alone is phosphorylated (28, 35) . In rats, the addition of O-linked ␤-N-acetylglucosamine interferes with CREB's ability to associate with TAF(II)130 and consequently represses transcription in vitro (19) . Lastly, CREB1 repression may arise through CBP and p300, both of which interact with CREB. SUMO (small ubiquitin-like modifier) conjugation to p300 leads to recruitment of a histone deacetylase and repression (9) . Histone deacetylase 1 association with CREB was found in JEG-3 cells at times when the promoter was not active (2) . Thus, repression of gene expression may occur by a variety of methods.
Eighty-four forskolin-regulated genes did not contain CREB1 binding sites. Since cAMP can also affect transcription through other transcription factors, including other CREB family members (e.g., CREM and ATF1), NF-B, and some of the nuclear receptors (reviewed in reference 5), presumably these factors altered the expression of the non-CREB targets. Alternatively, such targets may lie downstream of CREB1; since several potential targets of CREB1 are themselves transcription factors, it is likely that many genes will be regulated by other components of the cascade.
Involvement of putative CREB1 targets in signal transduction. One of the most interesting findings of this study is that many putative CREB1 targets are in signal transduction pathways. A number of these putative targets have the potential to up-regulate or down-regulate the CREB signaling pathway and suggest a number of new modes of pathway regulation (Fig. 5 ). CREB1 binds near two genes that may regulate cAMP pathway signaling, ADRBK2 and ADSL. The ADRBK2 ␤-adrenergic receptor kinase modulates G-protein-coupled receptor signaling, which is often linked to activation of adenylate cyclase; thus, the regulation of ADRBK2 via CREB1 may affect cAMP levels. ADSL, which we found was upregulated by forskolin treatment, catalyzes two steps in AMP synthesis and presumably indirectly affects cAMP levels. The discovery that CREB1 binds near putative targets that may modulate cAMP signaling raises the possibility of autoregulation by CREB.
Three potential CREB1 targets encode proteins involved in Ca 2ϩ signaling. Cabin1 is a large, 240-kDa calcineurin binding protein that may serve as a scaffold to link calcineurin with its protein targets (11, 18) . Cabin 1 may interfere with the dephosphorylation of CREB in a reaction catalyzed by protein phosphatase 1 and promoted by calcineurin (1, 21) . Cabin 1 was upregulated by forskolin, suggesting that CREB1 binding to the Cabin 1 gene might lead to the persistence of activated CREB. PPM1F, which exhibited reduced expression upon forskolin treatment, encodes a protein phosphatase that dephosphorylates the CaM kinase CaMKII in vitro (37 phosphorylates CREB at both Ser-133 and Ser-142; phosphorylation at Ser-142 inhibits the transactivation of CREB (35) . Therefore, similar to CREB's effect on Cabin1, CREB1 binding to PPM1F might enhance CREB activity. Expression of the CACNA1I T-type calcium channel subunit was repressed upon forskolin treatment. In some cell types, stimulation of Ca 2ϩ influx through T-type calcium channels is mediated through the cAMP-dependent protein kinase pathway upon activation of adenylate cyclase (20) . Thus, repression of CACNA1I potentially results in downregulation of the CREB pathway. CREB1 has multiple binding sites in genes important for lipid signaling, the cytoskeleton, and vesicular trafficking. The PIK4CA phosphatidylinositol 4-kinase and related phosphatidylinositol 4-kinase 230 gene Em:AP000557.C22.3 potentially regulate phosphatidylinositol-4 levels which in turn are likely to affect the activity of protein kinase C, cytoskeletal reorganization, and secretion. Consistent with a role in membrane trafficking and signaling, CREB1 binding regions were found in genes for PACSIN2, the Rho GTPase-activating protein ARHGAP8, Em:AP000347.C22.3 (encoding a calponin-like actin binding protein), ␤-parvin, and clatherin heavy polypeptide-like 1 gene.
Finally, CREB1 binds both 5Ј and within the MAPK1 gene (Table 2 ) and other Ras/MAPK signaling components (Fig. 5) . MAPK I activation leads to phosphorylation of Ser-133 of CREB. dJ930L11.1 and Em:AP000347.C22.3 encode proteins homologous to the RabGAP domain-containing gene KIAA0397 and RALGDS, respectively. Although the levels of expression of MAPK1, dJ930L11.1, and Em:AP000347.C22.3 did not vary in response to forskolin treatment, the expression of these genes may change in response to other stimuli.
In conclusion, a wide variety of signaling components are putative targets of CREB1. Since many of these are regulated by treatment with forskolin, it is expected that they will affect the dynamics of CREB signaling. Presumably such control is important in activating and downregulating the pathway at different times during the CREB activation response and in different cell types.
Many putative CREB1 targets are involved in neuronal function. CREB has a well-established role in regulating memory and behavior in animals (22) . Interestingly, although we worked with placenta-derived cells, several potential CREB1 targets are involved in neuronal function. These include SYN3, SNAP29, PACSIN2, and ATAXIN10. Syntaxin 3 and SNAP29 are important for synaptic transmission. Not only did we find many signal transduction components, but CREB1 also bound near genes important for cytoskeletal reorganization, including small GTPase effectors (e.g., ARHGAP8), and several actinassociated proteins (Em:AP000354.C22.2 and bK414D7.C22.1). We speculate that a number of potential CREB1 targets may be important for regulated secretion or may link signal transduction with axon growth or neuronal migration, especially considering that cytoplasmic levels of cAMP can switch growth cones between attraction and repulsion (34) .
Finally, we note that many of the same signaling pathways underlie both neuronal navigation and leukocyte migration and that CREB has an emerging role in the immune system (17) . We found that CREB1 targets the macrophage migration inhibitory factor lymphokine (Table 2) . Additionally, in rats the migration inhibitory factor promoter has a functional CRE and binds CREB (41) .
In this work, we identified the in vivo binding sites of CREB1 across an entire human chromosome. Our studies support the constitutive binding of CREB to chromatin. Only a modest percentage of sites were found near or within genes whose expression was altered by forskolin, a cAMP agonist. CREB1 binds upstream of genes and in introns. Furthermore, we found significant binding near transcriptionally active regions with no previous annotation, perhaps indicating the existence of unidentified genes in these regions. Lastly, the distribution CREB1 binding sites, as gathered from an unbiased approach, presents interesting issues of chromosomal looping and suggests that the number of potential regulatory sequences recognized by CREB has been underestimated. In summary, a large number of potential gene targets for CREB1 have been identified, raising the possibility that it has important roles in a variety of cellular processes. FIG. 5 . Model of CREB pathway and possible positions of proteins whose genes contain CREB1 binding sites. Proteins whose mRNAs are upregulated, downregulated, or not affected by forskolin are indicated in the red, green, and yellow circles, respectively. Components of signaling pathways (light blue shapes) that converge on CREB are adapted from reference 22. MIF, macrophage migration inhibitory factor; CELSR1, cadherin epidermal growth factor LAG seven-pass G-type receptor; ARHGAP8, rho GTPase-activating protein 8; dJ930L11.1, similar to the RabGAP domain-containing gene KIAA0397; Em:AP000347.C22.3, similar to mouse guanine nucleotide dissociation stimulator RALGDS; Cabin 1, calcineurin binding protein; PACSIN2, protein kinase C and casein kinase substrate in neurons 2; ERK2/MAPK1, mitogen-activated protein kinase 1; PPM1F, protein phosphatase 1F; ADRBK2, adrenergic beta receptor kinase 2.
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